Neutrophils and macrophages, recruited to the wound site, release reactive oxygen species (ROS) by respiratory burst. It is commonly understood that oxidants serve mainly to kill bacteria and prevent wound infection. We tested the hypothesis that oxidant generated at the wound site promote dermal wound repair. We observed that H 2 O 2 potently induces VEGF expression in human keratinocytes. Deletion mutant studies with a VEGF promoter construct revealed that a GC rich sequence from bp-194 to -50 of the VEGF promoter is responsible for the H 2 O 2 response. It was established that at µM concentrations oxidant induces VEGF expression and that oxidant-induced VEGF expression is independent of HIF-1 and dependent on Sp1 activation. To test the effect of NADPH oxidase generated ROS on wound healing in vivo, Rac1 gene transfer was performed to dermal excisional wounds left to heal by secondary intention.
GSH/GSSG. Glutathione (GSH) and glutathione disulfide (GSSG) were simultaneously detected from wound-edge tissues using a HPLC-coulometric electrode array detector (Coularray Detector -model 5600 with 12 channels; ESA Inc., Chelmsford, MA). For extraction, woundedge tissues were pulverized in liquid nitrogen and then homogenized in 5% wt/v m-phosphoric acid using a teflon homogenizer. The samples were snap frozen and stored in liquid nitrogen until the HPLC assay. On the day of HPLC assay, samples were quickly thawed on ice and centrifuged (12,000 g, 5 min) at 4 o C. Supernatants were collected and filtered trough a 0.2 µM filter. The filtrate was immediately injected to HPLC. GSH and GSSH were separated using a C18 column and the following mobile phase: 50 mM sodium dihydrogen phosphate, 0.5 mM octanosulphonic acid and 3% acetonitrile at pH 2.7 (19) . The coulometric electrode array offers several advantages over conventional single-channel detectors (20) . Using a progressively increasing oxidative array of 12 electrodes, compounds can be made to react at three consecutive sensors. The upstream electrode oxidizes a small portion of the analyte, the second dominant electrode oxidizes the bulk of the analyte, and the downstream electrode oxidizes the remainder. A particular standard eluting at a given retention time will always provide a predictable response across these three electrodes. The ratio of the response across these three electrodes remains constant and is referred to as ratio accuracy. The comparison of ratio accuracy of standard versus sample is powerful and an immediate indicator of peak purity.
Compared to standard, lower ratio accuracy in sample will indicate the presence of a co-elutant. administered onto the wound area and spread evenly using the pipette tip. The applied DNA was allowed to completely air dry on the treated skin, which took ~10min. Plasmid amplification and purification were performed using standard procedures (22) . To study the effect of Rac1 gene therapy on endothelial cell response, transgenic mice (FVB/N-TgN-TIE2GFP) were wounded (n = 3) as described above. This strain expresses Green Fluorescent Protein (GFP) under the direction of the endothelial-specific receptor tyrosine kinase (Tie2) promoter. All animal protocols were approved by Animal Institutional Lab Animal Care and Use Committee (ILACUC) of the Ohio State University, Columbus, OH.
Determination of wound area. Imaging of wounds was performed between day 0-14 of wounding using a digital camera (Mavica FD91, Sony). The wound area was determined using WoundMatrix TM software.
Collagen content. Collagen content of wound-edge tissue was assessed by determining the amount of hydroxyproline (23). Frozen wound tissue was pulverized under liquid nitrogen and then hydrolyzed in 1 ml of 5 N HCl overnight at 110°C. The reaction was neutralized with 2.5 N NaOH. The hydroxyproline assay was done in a 96-well plate by adding 100 µL of oxidizing solution to wells. The oxidizing solution was prepared by adding 6 mg chloramine T/ml of oxidation buffer (3 ml isopropyl alcohol, 1.65 ml H 2 O, 1.95 ml citrate-acetate buffer, pH 6). Next, 50 µl of standard or sample was added to each well. This was followed by addition of 100 µl of Ehrlich's reagent (6 g of p-dimethylaminobenzaldehyde dissolved in 52 ml of isopropyl alcohol and 16ml of 50% perchloric acid) to each well. After incubating the samples at 60 o C for 45 min, the samples were cooled to room temperature. Absorbance was measured at 562 nm, and the amount of hydroxyproline present in samples was determined by comparison to a standard curve.
Histology. Formalin-fixed wound-edges were embedded in paraffin and sectioned. The sections (4 µm) were deparaffinized and stained with the following primary antibodies: rabbit constructs. This line of investigation was started using a 2.6 kb VEGF promoter fragment (bp -2361 to +298, relative to transcription start site) ligated to a luciferase reporter gene (Fig. 3A ). To test the effect of Rac1 on wound contraction and closure, each of the two cutaneous wounds was topically treated either with the empty plasmid (pEXV) or with the expression plasmid encoding constitutively active Rac1 (rac1V12) for four days post wounding. Rac1 overexpression in response to rac1V12 treatment is shown in Fig. 6A . The rac1V12 treated side also showed more prominent VEGF staining as shown in Fig. 6B . With the objective to detect endothelial cells we attempted to stain these same histological sections for the detection of CD31. Because of poor quality commercial antibody we were not able to obtain satisfactory staining specific for endothelial cells. To study effect of Rac1 gene therapy on endothelial cell proliferation, similar wounds were placed on the dorsal skin of FVB/N-TgN-TIE2GFP mice. We observed that Rac1 overexpression was associated with larger number of GFP-tagged endothelial cells in the healing wound (Fig. 6C&D) .
For a more detailed visualization of the histological architecture of the wound-edge tissue, sections were subjected to trichrome staining (Fig. 7) . Rac1 gene therapy was associated with a more well-defined hyperproliferative epithelial region, higher cell density, enhanced deposition by guest on January 8, 2018
http://www.jbc.org/ of connective tissue and improved overall histological organization. Figure 9C provides direct biochemical evidence confirming that Rac1 gene therapy was indeed associated with higher wound-edge collagen content as determined by hydroxyproline measurement. Wound healing is associated with marked increased in the expression of the extracellular matrix glycoprotein tenascin (30). Tenascin expression, a marker of wound repair, was clearly more prominent in wounds subjected to Rac1 gene therapy (Fig. 8) . In summary, the histological data indicated that Rac1 might be an important stimulator of various aspects of the repair process, eventually enhancing the wound healing process as a whole (Fig. 7-9 ).
A representative case where the left wound was treated with pEXV and the right wound was treated with rac1V12 is sown in Fig. 9A . Rac1 gene transfer clearly accelerated wound closure and the effect was clearly seen from day 1 after wounding ( Fig. 9B) . One of the most rapid responses to increased accumulation of oxidants is the prompt oxidation of GSH to GSSG.
Rac1 dependent cellular oxidant generation has been demonstrated in several previous studies (10, 12, 13) . Figure 9D provides direct evidence attesting that Rac1 gene transfer promoted oxidant-generation in the wound-edges. and TNFα co-operated to enhance inducible VEGF expression (Fig. 1) . Deletion analysis using a series of mutant VEGF promoter constructs revealed that Taken together, the results of this study provide firm support to the claim that wound healing is subject to redox control. It is established that µM oxidant-induces VEGF expression and that oxidant-induced VEGF expression is independent of HIF-1 and dependent on Sp1. Using the Rac1 gene transfer approach it is documented that strategies to promote oxidant production in the wound microenvironment may promote wound healing. 
DISCUSSION

